INTRODUCTION
LPCVD has become a classical production method for silicon nitride films, commonly used as insulation or passivatioh materials within the MOS technology. When this kind of deposition is carried out from a silane-ammonia mixture, the following processing difficulties may be encountered:
(9-Growth rate decreases markedly relative to pure polysilicon deposition; (i)-A significant radial nonuniformity is reported, both in deposition rate and film composition; (%-A longitudinal decrease in deposition rate is generally observed In spite of its importance and difficulties, the case of silicon nitride has surprisingly received little attention. Only the deposition from a mixture of dichlorosilane and ammonia, presenting the same general trends as those reported from a silane-ammonia source, has been treated in the literame [I] . Results of this study indicate that the in-wafer film thickness nonuniformities may be explained by the effect of diffusion-limited film growth from highly reactive gas-phase intermediates, with simultaneous deposition h m less reactive dichIorosilane.
The purpose of this work is to combine both modelliig and experimental analysis in order to elucidate the complex physicochernical phenomena involved in the deposition process from a silaneammonia mixture.
Due to the Iack of kinetic information avaiIabIe in the Literature, a major part of this work has been focused on the investigation of gas phase reactions. In the first part of this paper, the results of a 5orough QRRK (Quantum Rice Ramsberger Kassel) analysis compensating for the lack of kinetic information will be presented. Then, first experimental results of silicon nitride deposition will be Presented and analysed. They will be compared with the predictions of the CVD2 model previopsly dfveloped in our laboratory 121. The extension principles of the CVD2 model to the case of sillcon Nmde will be discussed. It must be pointed out that the results presented in this paper are prelimnary , but that a promising agreement between experimental and simulation results has been obtained. Perspectives of this work will finally be suggested. [7] ) at P=l atm and T = 298OK. Using these evaluations, or measured constants in other conditions (note that they are only available for silane pyrolysis), rate constants of unirnolecular or bimolecular reactions deduced from the reactions presented in Table 1 , corresponding to LPCVD conditions, i.e. to the pressure fall-off region, have been calculated with QRRK th&ry 181. Note that this theory has been successful in predicting the reduction of the unimolecular rate constants with decreasing pressure for silane or SIPOS decomposition [8] and the estimation of bimolecular rate constants. A detailed presentation of the QRRK model used can be found in [8] . By lack of place, kinetic rate constants of the whole mechanism will not be presented Using that mechanism, the time evolution of a l l the species concentrations which could be observed in a hypothetical gas volume, uniform in its properties and without any contact with solid surfaces, starting from the mixture of silane and ammonia has been computed using numerical integration based on Gear's method [9]. Typical results obtained are presented in Figure 1 for a temperature of 750°C a pressure set at 0.4 Torr and a silanelammonia ratio equal to 0.4/0. 6 A distinction must be made between radical and stable species : On the one hand, disilane and hydrazine, which are stable molecules, have very low mncentrations relative to the concenmtions of the other stable species, i. e. silane and hydrogen. A series of simulation runs was performed in which secondary reactions of these species were neglegted. The results obtained showed that the evolution of the remaining species of the system is not affected by this modification.
On the other hand, even in very low concentrations, silylamine radicals ( s m 2 , SiH2NH and SiH2NH2) may have a non negligible impact on the whole mechanism. Due to the similar atomic structure of these species, it could be assumed that their contribution to deposition rate was directly Chemical mechanism / Remarks -dependent on the molar fraction of the species. As SiHNH2 molar fraction is approximately 104 times greater than the other ones, its contribution will mask the effect of the other species.
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A similar analysis has been applied to the cases of SiH2 and SiH3. It has led to the elimination of SiH3 in the chemical mechanism (see Figure 2 ). This approach has been repeated for a wide range of temperatures, pressures and silane/ammonia ratios. In all cases, the same species have been candidates for and have been finally removed from the complete scheme. Finally, a reduced reaction set (see Table 2 ) which reproduces the essential features of the full mechanism and involves only 6 species including two silylamine intermediates, i.e., SiH3NH2 (stable) and SiHNJ32 (reactive) has been adopted. .,..o performed at two temperatures 650°C and 750°C. Pressure was set at 0.4 Torr. As gaseous sources, pure silane and ammonia with a ratio 0.4/0.6 were used. Silane flowrate was maintained at 180 sccm and 270 sccm of ammonia was injected. Film thickness was measured by ellipsomeq at a wavelength of 405 nm, The results obtained were confirmed by pIasma etching and measurements of the height of the chemically created step with TENCOR equipment The longitudinal evolution of silicon nitride deposition rate measured in the center of each wafer is shown in Figure 3 . It can be first seen that the presence of ammonia reduces markedly deposition rate (relative to pure polysilicon deposition). To give an order of comparison, pure polysilicon deposition rate is about 100 &min at 600°C. Second, it can be seen that, at both temperatures, the deposition rate is higher on the first test wafers and then tends to a quasi uniform deposition rate on the last test wafers. Figure 4 relative to 4th test wafer of the load shows typical radial deposition rate profiles. Significant non-uniformities appear at the wafer periphery, creating the so-called "bull's eye effect". These results will be analysed in the following sections. 91 . Note that these depositions show a remarkable similarity to data for the deposition of silicon ,itride. Let us recall that CVD2 is limited to a small but representative part of the reactor, i.e. an interwafer spacing and the corresponding annular region between the wafer edge and the reactor walls. ~n this modelling field, the continuity and Navier-Stokes equations on the one hand and the mass balance for every chemical species on the other hand are solved, respectively, for gas flow and mass transport. A detailed presentation of the modelling principles of CVD2 is provided in [2] . In this paper, only the new elements introduced to extend the model to the case of silicon nitride deposition will be developed.
The creation and consumption of the chemical species due to the homogeneous gas phase reactions previously determined are taken into account in the mass balance equations.
All the chemical species containing silicon and/or nitrogen can react on solid surfaces to deposit silicon nitride. Table 4 shows the surface reactions that we consider for this system. A Langmuir-Hinshelwood approach has been used to represent the respective contributions of siIane and ammonia to siLicon nitride deposition. The kinetic constants kH and kS given by Wilke et al. [lo] were adopted, The kinetic adsorption constant kN was introduced to reflect the reduction of silane contribution in presence of ammonia, as suggested by experimental results. A similar form of the rate equation was adopted for ammonia deposition. The kinetic constants kl, k2 and kN at 750°C were adjusted after mal and error tests based on comparison between experimental and simulation results.
AS in our earlier modelling work concerning in situ phosphorus doped polysilcon deposition, ure assume that any reactive intermediate (SiH2 m S m 2 ) that strikes the surface reacts with unIt probability. The reaction rates of SiH2 and of SiHNJ32 are first-order dependent on their respective concentrations. In these expressions, yi represents the sticking coefficient of species i. This coefficient has been taken equal to unity, as suggested by other investigators [4] for silylene. Due to the reacti~e nature of SiHNH2, a same value has been adopted for this species.
AS first approach, due to its saturated nature, the deposition of silicon nitride from saturated molecule Sa3m2 has been assumed to be negligible. A similar hypothesis was adopted for disilans Si2H6 in the case of silicon deposition [2,9, 111.
The choice of the boundary conditions at the entrance and the exit is complicated by the limiutnnn of the modelling field to a representative interwafer space. In previous studies (2, S], the b a s~z assumption to overcome this difficulty is that, far from the ends of the wafer line, a large numbe~ nf phenomena linked to flow and mass transport processes as well as chemical reactions must have rrxhzd some sort of dynamic equilibrium So, boundary conditions of a periodicity type have been selected.
In our case, experimental results suggest that this periodicity regime has been obtained at 1 -ySm= I Il= 3.1416 SiHNH2 + Si + N+ 3/2 Hz I I ySm1.\IP 2 n MS;HNH, RT 1 M~m = 4 5 g P S~H~ been considered in the simulation runs. Perspectives for the case of a non periodical regime will be suggested later. In what follows, for concentrations, the profiles and their axial derivatives have been supposed to be identical for SiH2, SiHNH;! and SiH3NH2.
First examples of simulation results
By lack of place, it must be pointed out that only a few significant results will be presented. In all the simulation runs, a temperature of 750°C. a pressure of 0.4 Torr and a silandarnmonia ratio equal to 0.41.6 were adopted.
Radial concentration profiles for S a , Hz, NH3 and SiH3NH-2 are displayed in Figure 5 They are relative to axial positions corresponding to the entrance, center and exit of the modelfing field As a £ k t approximation, it can be concluded that aLl these species are uniformly distributed in the modelling field, in regard of the enlargement of the concentration scales. In more details, on the one hand, it can be said that silane and ammonia (respectively hydrogen) concentrations decrease trespectively increases) from the entrance to the exit, due to the consumption (respectively production) of this species on solid surfaces by chemical reactions. In the case of SiH3NH2, no axial variations and only slight radial variations are observed. This species has a similar behavior to disilane in the case of polysilicon deposition [2] and may act as a storage for SiH2 and SiHNH2.
Figures 9 and 10 present radial concentration profiles for SiH2 and SiHNH2. It must be observed that their concentrations remain very low everywhere with a maximum value of 0.365 10-5 for SiH;! (respectively of 0.405 for SiHNH2). But their molar fraction varies widely in the modelling region and is function of the radial position (but not of the axial position) in the annular region. It is quite the opposite in the interwafer space, where the molar fraction is independent of the radial coordinate but varies with the axial position. Silane and ammonia contribution are uniform on the wafer. On the contrary, the SiH2 and SiHNH2 contributions are functions of position as a consequence of the important radial concentrations variations of these species. The same trend is observed at 650°C. Deposition rate has an order of magnitude of 10 &min in the center of the wafer and of 15 &min at the wafer edge. In view of the scarcity of kinetic information, the reasonable agreeement between model predictions and experiments is encouraging for the present modelling approach. Another result provided by the model concerns Si/N ratio (see Figure 12) deduced from the contributions of silicon and nimogen to film elaboration, Simulation results show that silicon nitride films contain more silicon at the wafer edge, which may be related to the concentations of the reactive species in the vicinity of the wafer edge. These results have to be confirmed by measurements of SdN ratio.
5-PERSPECTIVES AND CONCLUSIONS
The CVD2 model previously developed in our laboratory has been developed and applied to the specific example of silicon nitride deposition. Complex kinetic schemes involving both gas phase and surface reactions have been included in the model formulation. Considering the lack of detail information and kinetic parameters, the fit is encouraging for future investigations involving additional experimental data, concerning both film composition and deposition rate. Another perspective concerns the assumption of periodicity assumed in the model for SiH3NH2. Experiments have shown that on the first test wafer, positioned directly after a free volume without any wafer, deposition rate is higher than on the other wafers. This situation is similar to what happens after the entrance zone of a reactor, on the first wafers of the load. It can thus be suggested that SiH3NH2 acts as a storage tank for reactive species generated i n the volume, i.e., SiE-I2 and S W 2 . This assumption is now under investigation in our laboratory.
